As part of a theoretical study of adsorption processes in the chemical vapour deposition of silicon, thermochemical data are derived for the adsorption of Si-H species on the Si(111) and the dimer-reconstructed Si(001)-(2 xl) surfaces. Essential contributions to the heats of adsorption appear to be electron pairing and two-and three-body interactions. It is shown that when the bond energies are defined in this way, also a consistent description of the bonds in silicon hydrides is provided. This demonstrates that with reasonable confidence the method can be applied to the adsorption process itself. Data are derived for species which may form one, two or even four bonds with the surface. It is assumed that on the (111) surface adsorbates bind on the "dangling bonds" which are present on this surface in a broken bond model. It is demonstrated that on the dimer reconstructed Si(001)-(2 xl) surface, adsorbates will either bind on the surface atoms with one or two bonds, without the breaking of the dimer bonds, or, if the species have the possibility to form two or four bonds with the surface atoms, may become inserted into the dimer bonds. With the aid of the derived thermochemical data for adsorption and the Langmuir isotherm or modifications thereof, the coverage of the Si(111) and the dimer reconstructed Si(001)-(2X1) surfaces with species from the Si-H system is calculated. It is found that the equilibrium surface coverages of the Si(111) and the Si(001)-(2 xl) surfaces are very similar: the hydrogen coverage is high at all temperatures, while at low supersaturation the coverage with growth species is very low on both surfaces.
Introduction
In this paper the work of ref. [5] will be extended. Different thermochemical data for the gas Inspired by several papers of Chernov and cophase species SiH 2 and SiH3 will be used, and the workers on the calculation of the coverage of Si importance of several species that were previously and GaAs surface during growth from the respecnot considered, will be investigated. In contrast to tive chloride-CVD systems [1] [2] [3] [4] ,in a previous ref. [5] , where for all silicon-containing adsorbates paper one of the authors reported a theoretical the same bond strength with the surface was taken, study of adsorption processes on Si(111) during we shall try to differentiate these bond strengths chemical vapour deposition (CVD) of silicon from in the present work by the inclusion of three-body silane [5] . Among other things it was shown that interactions and electron pairing energies. Furat 1 atm H2 pressure monatomic hydrogen will be thermore, in addition to the adsorption processes the most important adsorbate, while SiH2 will be considered in ref. [5] , adsorbates with more than the most abundant growth species on the surface, one chemical bond to the crystal surface will be its coverage being dependent on the supersaturaconsidered. The discussion will be extended to the tion.
dimer reconstructed Si(OO1) surface. essential. The equilibrium partial pressures of the relevant gas phase species can be calculated when SiH2 all the required thermochemical data are known.
Equilibrium gas phase composition in the Si
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The calculations proceed along the same lines as _~-2~~~SiH3~-~-described in ref. [5] . / /~//f rom the ones used in ref. [5] . The / /~/ / additional evidence exists (see ref. [7] and refer-/// // /// ,'-S1 2 ences therein) that the enthalpy should indeed be 10 
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higher than the value of 243 kJ mol ', which was T / K used in ref. [5] . However, as no clear argument .
. . . . consistent set of thermochemical data, a value of 200 kJ mol~will be assumed for~Hf°298of SiH3, as suggested in ref. [7] , instead of the value of with high and zero supersaturation, respectively. 209.4 kJ mo1 1 used in ref. [5] .
The results are shown in figs. I and 2. The reader For the sake of completeness, we included should take care when comparing these figures: several gas phase species which were not considthe vertical scales in the two figures are not the ered in ref. [5] , viz. Si 2H5, H3SiS1H, H2SiSiH2 same. and Si3H8, with thermochemical data from refs.
The most relevant change in the gas phase [7, 8] . Although the species Si2H1 and Si2H2 might equilibrium composition with respect to ref. [5] is also be important in the gas phase (see ref. [9] ), the following: because of the above-mentioned these will not be included in our calculations changes in the formation enthalpies of SiH2 and because of a lack of structural information. The SiH3, the partial pressure of SiH2 is approxithermochemical data of all gas phase species other mately two decades lower at the lower temperathan the ones mentioned above are rather well tures and one decade at the higher temperatures accepted and are the same as used in ref. [5] .
for both the homogeneous and the heterogeneous With these changes and additions the equicase; in contrast to the findings in ref. [5] , where librium gas phase composition as a function of the at all temperatures SiH2 was found to be the most temperature T was calculated for the two extreme important unsaturated silicon compound in the situations mentioned in ref. [5] , viz, the so-called gas phase in the heterogeneous equilibrium, now "homogeneous" (for an input mixture of 1% SiH4 below approximately 1100 K SiH3 is more imin H2 at I atm) and "heterogeneous" equilibrium portant. Above 1100 K SiH2, is still the most situations, which may be considered to correspond important growth species in the gas phase. In the assumption allows an estimation to be made of .
With this equilibrium reaction, an adsorption con-
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stant is associated, KadX, which can be calculated
with the aid of the equation:
Sis SI3H8
where L~H~X and~Sa~JX are the standard en --20 800  960  1120  1280  1440  1600 thalpy and entropy changes during the adsorption of the species X, respectively, at temperature T. T / K As described in ref. [5] , these parameters can be statisticalthermodynamical methods. We shall disequilibrium assumption.
cuss this more detailed below.
homogeneous case SiH3 is important at low tern-
General considerations concerning the enthal-
peratures, whereas Si3 is the dominating species at pies of adsorption: the effect of electron pairing and the higher temperatures.
three-body interactions
In ref. [5] , a value of 293 kJ mol~was taken 3. Adsorption model and estimation of thermodyfor the strength of the bond of atomic hydrogen namic data for adsorption with the Si(111) surface, while for all silicon containing adsorbates a value of 226 kJ mol 1 was
General considerations concerning the adsorp-
used for the Si-Si bond strength. However, bond lion model strengths may vary significantly dependent on hybridization and substituents. In this section these In accordance with the commonly accepted noeffects will be evaluated in detail in order to refine tion that the interaction of gas phase species and the surface bond strengths in ref. [5] . To this semiconductor surfaces results in the formation of purpose both electron pairing and three-body instable chemical bonds between the species and the teractions will be considered first. surface atoms (see ref. [10] and references therein), in this paper the so-called "dangling bonds" on
Electron pairing energies
the surfaces will be considered as the locations on When a silicon atom has only two atoms atthe surface where adsorbates may bind. Bonds of tached to it, the configuration with the lowest adsorbates with the surface will be considered energy will be the one in which the two remaining equivalent to bonds in silicon compounds. This valence electrons are combined in a lone pair. This cyclic in the gas phase, as was shown by Raghasurface, the electron pair has to be excited to the vachari [19] . diradical state, at the cost of energy.
In This implies that even in a very rough estimaIn the calculations we used the numbers in the tion it is not enough to use the same value of the last column of table 1. The electron pairing energy surface bond strength for all silicon compounds, of H3SiSiSiH3 of -25.1 kJ mol~is required in as was assumed in ref. [5] . In other words, an the calculation of the pairing energy of atoms in interaction term only based on the two atoms the broken bond Si(001) surface (see below). We directly participating in the surface bond (i.e. pair want to remark that the value for H2SiSiH2 given interaction) is not complete. 
109.50 (tetrahedral). These angles were also used bond = hs~H+ ihSISIH + khHs~H, (4) for compounds and adsorbates with electronically similar central silicon atoms, e.g. the St-Si-H where h~1~1 and h SIH are the two-body contribubond angle in SiH adsorbed on Si(1 11), which tions to the bond strengths, h5~51ĩs a three-body may be considered electronicaly similar to gaseous interaction term for two Si atoms and one H H3SiSiH, i.e. with a lone pair on the silicon atom, atom,~a term for three silicon atoms and was taken 93°.These somewhat different structh HSiH for two hydrogen atoms and one silicon ural data lead to deviations from the entropy and atom; i, j and k are the corresponding number of heat capacity values reported in ref. [5] of a few these interactions involved in the bond, e.g. the percent; e.g. the rotational contribution to the dissociation reaction H3Si-SiH3 -~H3Si + SiH3 adsorption entropy of SiH at 1400 K is now can be described with eq. Also the rotational degrees of freedom of the With the aid of these numbers the dissociation species in the gas phase are lost; however, in some enthalpies in the last colunm of table 2 result. It cases (see below) one degree of freedom is gained can be seen that the consistency between literature upon adsorption, viz, rotation around the surfacevalues and calculated values is quite satisfactory, adsorbate bond. With regard to the vibrational so that the method can be used with confidence contributions, we assume one stretching and two for the calculation of the heats of adsorption.
bending vibrational modes, in addition to the exWe want to point out that in the reaction isting internal vibrations of the adsorbates. Si(s) -~Si(g), which is the sublimation of silicon, (b) Double-bound species: besides losing all per silicon atom which is to be removed from the translational contributions to the entropy, these bulk of the lattice, an energy equal to 2h SjSj plus 8 species also lose all rotational degrees of freedom, hsisisi has to be raised. Furthermore we want to as no rotation is possible around the surface-admention that within the uncertainty range the sorbate bonds. For these species we additionally assume one bending and two stretch-bending (the Flory-Huggins polymer solution theory, see vibrational modes, where it is further assumed e.g. ref. [33] ), when the length of the polymer is that the vibrational force constant is approxiassumed to be two atoms. In this way account is mately two times that for single-bound species, taken of the requirement that for the adsorption because of the approximately double surface bond of the double-bound species two neighbouring sites strength in this case.
should be unoccupied. The constant c in eq. (6) is (c) Quadruple-bound species: here the same asthe coordination number of the sites on the surface, sumptions as in (b) are made, with vibrational e.g. for a hexagonal lattice, like Si(111), c = 6. force constants approximately four times the ones
The fraction of empty surface sites, O~,to be of single-bound species.
inserted in eqs. (5) and (6), can be calculated with The electronic contributions to the entropy the aid of the equation: change during adsorption are calculated according to the methods discussed in ref. [5] .
elow we shall use the following notations: for
species with one bond to the surface:~t 1, with two bonds: p.2, and with four bonds:~As an excep-
tion to this, the notation~' will be omitted for
species which can only adsorb with one bond to a where n and m are the numbers of different specific surface.
species i and j, resp. With the equilibrium constants discussed before and the partial pressures
General remarks on the adsorption isotherms
from figs. 1 and 2, eq. (7) can be solved for 9~, and subsequently O~,and can be calculated. As in this study also adsorbates occupying more
In the next sections this will be applied to Si(1I1) than one adsorption site will be considered, the and dimer reconstructed Si(001). equations for the calculation of the surface coverage used in ref. [5] have to be reconsidered.
The subject of our interest is the coverage of 4. Adsorption on Si(111) silicon surfaces with all possible species in all possible configurations. To calculate the different fractions of surface sites covered with species oc-
Adsorption enthalpies
cupying one and species occupying two sites, the following method can be followed (based on the When the effects mentioned in the foregoing Langmuir model of adsorption): section are included in the estimation of the ad-(a) For species i occupying one site the fracsorption enthalpies of those species in figs. 1 and 2 tional coverage°1, is given as (see ref. [5] ): which in our view are able to form a chemical bond with the Si(111) surface, the data of table 3
=~ (5) result. We think it useful to discuss the origin of these data in more detail: with O~is the fraction of empty sites, K1, the (a) For the adsorbates Si, SiH, SiH3, SiH2SiH3 adsorption equilibrium constant and p, the partial and p~'-Si2 the adsorption enthalpy was derived pressure of the species i in the gas phase.
with the aid of eq. (3) (note that the adsorption (b) For species j occupying two surface sites enthalpy is the negative of the bond strength); for the fraction of sites covered,~is given as:
H it was derived with the aid of eq. (4).
(b) The adsorption enthalpy of the species SiH2, H3SiSiH and p~'-H2SiSiH2 was derived with analogous to eq. (5). This relation follows from the the aid of eq. (3) and the pairing energies in table derivation of the configurational part of the parti-1 (the pairing energies make the adsorption ention function of a polymer molecule in solution thalpies less negative). of the values differ from the ones reported in ref.
[5], because of the somewhat different structural data (see above).
(c) The adsorption enthalpy of~t'-Si3was also It is calculated that the integrated temperature derived with the aid of eq. (3) and table 1; howcorrections at, e.g., 1400 K for the adsorption ever, in this case we included a small term to enthalpy of all species range from -9 to 4 kJ correct for the loss of resonance possibilities durmol~which is absolutely within the range of ing adsorption. This term was estimated to be uncertainties in the estimated heats of adsorption. approximately 7% [34] of a total resonance energy Therefore we do not specify these values here, of 262 kJ moF 1 [19] .
although they were taken into account in the (d) For the double-bound species the adsoi-pcalculations. tion enthalpy is estimated as follows: (i) For f52-Si 2 we have: 1400 K the surface coverage of p*-Si, decreases to 3 x 10m2 at 1600 IL Note that the unsaturated species which are dominant in the gas phase (Si,, SiH,, H,SiSiH,)
do not dominate on the surface. In the heterogeneous case for temperatures below approximately 1450 K, SiH, is found to be the most abundant growth species on the surface, while above 1450 K, SiH is the most important. The coverages of these species are in the range 4 x lo-' to 1 x 10e6, and increase with increasing temperatures.
The above conclusion that SiH, and p*-Si, are the most important silicon species during epitaxial growth on the Si(ll1) surface is clearly in contrast with the assumption of several authors that SiH, is the main species responsible for the growth of silicon from silane (for a review see, e.g., ref. [35] ). The most important reason for this discrepancy is that the gas phase compositions used in our calculations of the surface coverage are equilibrium compositions. We shall illustrate this with an example.
In the equilibrium situations of figs. 1 and 2 at 1200 K, the partial pressure of SiH, is only slightly different from that of SiH,. In the adsorption layers calculated with these partial pressures, depicted in figs. 3 and 4, the coverage of SiH, at 1200 K is about 300 times that of SiH,. This shift in relative importance as compared to our previous paper [5] is mainly caused by the negative influence of the electron pairing energy on the adsorption properties of SiH, with respect to those of SiH,.
SiH/ Tf K Fig. 4 . Equilibrium surface coverage of Si(ll1) for the gas phase compositions in fig. 2 (heterogeneous equilibrium). The graph is also representative for adsorption on a dimer reconstructed Si(OO1) surface where the dimer bonds remain intact (see section 5).
occurs upon the formation of a dimer from the SIDE vlE~~~figuration of the (001) surface. From the very surface atoms as present in the broken bond conextensive literature, a value of -(200 ±40) kJ mol~ [36] [37] [38] [39] can be derived for this enthalpy change.
It is possible to consider the process of the formation of a single dimer from two (001) surface atoms in the broken bond configuration as a con-TOP VIEW sequence of several energy steps. This is outlined in fig. 6 . Scanning tunneling microscopy (STM) investigations have shown enhanced electron density between the surface silicon atoms [40] , which may indicate that ir-bonding is important in the dimers. This is consistent with a dimer length of 0.228 nm [38] , which is somewhat shorter than the bulk bond length of 0.235 nm.
The enthalpy changes in the different processes (A) De-pairing of the two Si(001) surface atoms in the broken bond configuration occurs at the However, with the aid of the kinetical data of cost of 34 kJ mo1 1. This number is derived from Coltrin et a!. [7] it can be calculated that the rate of formation of SiH 3 from SiH4 at, e.g., 1200 K is approximately 10~times that of SiH2 from SiH4. So in a kinetic picture SiH2 will become much~~i(OO1)-(1xi) more important in the gas phase than SiH3. This will be reflected on the adsorption layer, which implies that because of the gas phase kinetics SiH2
• de-pairing might still be a more important contributor to the growth of silicon than SiH3. This idea will be pursued in a forthcoming paper. In fig. 5 , the atomic structure of the Si(001)-(2 x 1) surface is shown as it is assumed to be~-~o n~formation according to recent literature. On this surface, pairs of neighbouring surface atoms form new bonds, which are not present in the bulk of the crystal lattice. As will be discussed below, the newly formed bond consists of a a and a ir
A lot of theoretical resear'ih has been devoted the dimers. In this study we shall only consider (C) The a-bond energy is -226 kJ mol1 (i.e. the adsorption processes depicted in fig. 7 , i.e.
-4h 51~~51). single, double and fourfold bound adsorbates. In (D) The ir-bond energy will be -59 kJ mol 1 the following sections we will first consider the This number is derived from the semi-empirical single-bound adsorbates, followed by the discusdata in ref. [22] .
sion of the adsorbates with two or four bonds to These contributions add to a total reconstructhe surface. tion enthalpy of -184 kJ mol~, which agrees well with the above mentioned literature values.
Single-bound species
These species may adsorb in two different ways: (i) Without the breaking of the a bond. In this process the enthalpy change during adsorption SIDE VIEW TOP VIEW will depend on whether or not already species have adsorbed on one of the atoms which form the dimer bond. If no species has adsorbed yet, the newly adsorbing species have to raise the ir-bond energy, which makes their adsorption enthalpies less negative. On the other hand, if already some species has adsorbed on one of the atoms forming the dimer bond, this ir-bond energy has already been raised. In this latter case it can be calculated with the aid of eqs. (3) and (4) that the adsorption enthalpies are equal to the ones for adsorption on Si(111) (ii) With the breaking of the complete dimer bond. The enthalpy change in this adsorption process will also depend on the presence and the nature of the species which have already adsorbed on the surface atoms forming the dimer bond. If some species has already adsorbed, say via a Si-X bond (X may be Si or H), one h5~51term will be lost upon the breaking of the total dimer bond. However, if the new and the old adsorbate are both bound to the same surface atom, an extra threepoint energy term will be gained. Finally, if no species has yet adsorbed on the atoms forming the dimer bond, the newly adsorbing species will have "X" and the one adsorbed on surface atom II fig. 6 ; hsIsIH and hH5IH are defined in section 3.2.
b) The hydrogen coverage is calculated for the partial pressure of hydrogen at 1400 K in fig. 2 (the heterogeneous equilibrium Situation).
"Y". X and Y may be either "H", or "Si" (i.e. any surface silicon atom after breaking of the dimer species which is bound via a Si-Si bond) or bond has only two Si neighbours, in contrast to "empty" (i.e. no species present). Suppose that the the three neighbours in the situation where the newly adsorbing species adsorbs on surface atom dimer bond is intact. Furthermore, the pairing I. Thus, together with the possibility of whether or energy of one broken bond surface atom (i.e. 17 kJ not the a dimer bond will be broken, for a specific mol~)has to be added. This leads to an adsorpgas phase species a total of eleven different adtion enthalpy of -117 kJ mol~. Modifications of sorption processes is possible.
this value appear as a consequence of the absence As an example of the above we show in table 4 or presence of substituents on the original dimer. the enthalpy changes in these different adsorption
The corrections on the basic adsorption enthalpy processes for the case of atomic hydrogen. As said mentioned above are indicated in the table. The above, it is assumed that the newly adsorbing H enthalpy parameters A, B, C and D are specified atom becomes bound to surface atom I, i.e. the at the end of section 5.1 and in fig. 6 . surface atom to which "X" is already bound.
The last column of table 4 gives the fraction of The adsorption enthalpies in table 4 are derived sites covered with hydrogen, calculated with the as follows: the basic adsorption enthalpy of H on use of the data in fig. 2 for a temperature of 1400
Si(001)-(2 x 1) is -338 kJ mo11, which is the K. As can be seen, adsorption of H is mainly due same as the adsorption enthalpy on Si(1 11) and is to saturation of the ir-bond, leaving the a-bond obtained with the aid of eq. (4), taking n = 3 and intact. Only a minor fraction of the dimer bonds is m = 0. This value occurs for adsorption of H on broken up. It can also be seen that this very small position I, when already an adsorbate is present fraction of broken dimer bonds becomes higher, on site II of the surface dimer. When no adsorbate when already adsorbates are present on the dimer is attached to the dimer, the adsorption enthalpy bond. of H has to be reduced with the ir-bond energy of
The conclusion from these calculations is that the dimer, i.e. D in fig. 6 . hydrogen adsorption does not lead to the breaking If it is assumed that the adsorption of H leads of dimer bonds (at least not at the partial presto the breaking of the total dimer bond, the above sures of atomic hydrogen considered in this paper), basic adsorption enthalpy of -338 kJ mol 1 has only the ir-bond will be broken. This is consistent to be reduced with the total reconstruction energy with the results of several recent surface studies plus hSISlH; the hS~s~H term arises because the [41] [42] [43] [44] [45] .Even when the Si(001)-(2 x 1) surface is subjected to high amounts of atomic hydrogen, cess d would always be 184 kJ mol 1 (i.e. the total not all of the surface dimers are broken [46] . The reconstruction enthalpy) less negative than the above means that H adsorption on a dimer reconvalues presented in table 5 . This way of adsorpstructed (001) surface is analogous to adsorption tion is therefore unimportant with respect to the on a (111) surface, insertion process. Similar calculations as in table 4 have been  For the species Si  2, we show in table 5 the performed for single-bound silicon species. For adsorption enthalpies for both ways of adsorption the simple reason that all these species have lower with two or four bonds. Here it can clearly be seen surface bond strengths than H, the obvious result that adsorption process d in fig. 7 is very improbis that also the single-bound silicon species will able: even a positive adsorption enthalpy appears. adsorb via only the breaking of the ir part of the The same holds for the adsorption of Si3 with four dimer bond, but that they are not able to break a bonds in the d-configuration (see table 5 ). significant fraction of the dimer bonds. For that Summarizing the results from this section, we reason we will ignore the insertion of single-bound can say that on dimer reconstructed Si(00l)-(2 x 1) species into dimer bonds completely.
two ways of adsorption are likely: (I) adsorption of single or double-bound species
Double-and quadruple-bound species
according to b in fig. 7 . The corresponding adThese species can adsorb either in configurasorption enthalpies will be similar to those on tion b or c or d of fig. 7 . For the reasons discussed Si(111), or, in the case that no substituents are above, the adsorption enthalpy of double-bound present on the dimers, the values for Si(111) minus adsorbates in situation b in fig. 7 , i.e. in a configone or two times the ir-bond energy, dependent on uration in between and perpendicular to two dithe number of adsorbate-surface bonds to be mer bonds, will be the same as on Si (111) 
Adsorption entropies
The adsorption entropies for single-and dou- Table 5 ble-bound species, which do not break the dimer the original surface is empty, i.e. all electrons on eq. (6), is 2, compared to 6 on (111), the coverage the surface atoms are shared in iT and a bonds. of~2 species in the (001) case is an extra factor 3 Because of the high H coverage, a newly adsorblower than on (111). ing species will not have to raise the dimer ir-bond Next we shall investigate the insertion of adenergy. As was discussed above, this means that sorbates into the dimer bonds. As mentioned the actual adsorption enthalpies of all adsorbates above, the surface dimers on Si(001)-(2X 1) will on dimer reconstructed Si(001) will be very close most probably have a high amount of hydrogen to (but less negative than) the adsorption enthalattached to them. In that case it is best to use the pies on Si(1 11). Therefore the coverage will also be enthalpy data without a ir-bond contribution. The only slightly different from (somewhat lower than) surface coverages calculated with these data are that on the Si(1 11) surface represented in figs. 3 shown in figs. 8a and 8b for the cases of homogeand 4. For this reason we do not think it very neous and heterogeneous equilibrium, respecuseful to represent these coverages in a separate tively. figure. It must be noted though that in the (001)
It can be seen in fig. 8a that in the homogecase the coverage of the~2 species is due to neous equilibrium assumption a large fraction of adsorption on two neighbouring dimers (leaving the dimer bonds is broken as a result of the the a-bonds of the dimers intact). Since on (001)-insertion of~s4-Si 2species. Furthermore, at lower (2 x 1), the coordination number c, to be used in temperatures, a substantial fraction of the dimer fig. 9 that the --species which "feed" these steps during growth
:
(see also ref. [49] ).
--
might be SiH3 at low temperatures, and SiH and
Si at higher temperatures, because these species 8a), the surface has been changed to such an extent that it cannot be considered as a flat Si(001)-(2 X 1) surface anymore. That is, adsorbed bonds is broken because of the insertion of SiH2 p.
4-Si 2 species can be considered as two surface species, while at temperatures close to 1600 K, a atoms forming a dimer bond perpendicular to the few percent of the dimer bonds are broken by the dimer bonds on the original surface. This is outinsertion of atomic Si. lined in fig. 10 , which shows a top view of the On the other hand, in the heterogeneous equisurface with several adsorbed~species close to librium of fig. 8b almost no dimer bonds are one another. broken, while the fraction of inserted species is If one considers the adsorption on the sites always lower than 3 X iO~.This proves that durindicated by D2 and D4 in fig. 10 , it can be seen ing CVD under equilibrium conditions the (001) that on site D2 a p.
2 species can adsorb in a surface is a stable, dimer reconstructed surface, similar configuration as depicted in fig. 7d , howCombination of the results of figs. 3 and 4 with ever, without the necessity to break two dimer bonds. those in figs. 8a and 8b, respectively, gives a
The latter implies that adsorption in this position picture of the total coverage of the dimer reconhas become very favourable. Similar reasoning structed Si(001)-(2 x 1) surface. For the heterogeapplies to the adsorption of p.'8 species in sites D 4. neous case the result is simply a superposition of It follows that on the dimer reconstructed (001) figs. 4 and 8b. This is shown in fig. 9 . surface adsorbed p.
4-Si 2 species actually are small Fig. 9 can be interpreted in terms of crystal two-dimensional growth clusters and that as a
Si (001) Si values ranging from -270 to -360 kJ mol' [22] and -328 kJ mo!"1 [53] were reported. Finally, two of the authors of the present paper recently have derived an adsorption heat of -316 ±5 kJ mol~'for the adsorption of H on partially range -270 to -360 kJ mol 1, which in fact is a relatively small range considering that these values are measured or calculated for different crystalloresult of the adsorption of these p.
4-Si
2 species the graphic orientations and for different surface surface has become kinetically rough.
coverages. Because, as is shown above, the coverage of sites D2 and D4 depends on the number of broken dimer bonds, the total coverage of the (001) surface 7. Summary cannot be considered as a simple superposition of figs. 3 and 8a. We think that it is hardly possible In this study, thermodynamical data were deto calculate the total surface coverage for this rived for the adsorption of those gas phase species situation with only the methods described in this which might be important in the chemical vapour paper (i.e. with simple Langmuir isotherms). More deposition of silicon from silane. In the estimapromising methods to solve problems of this kind tions of the enthalpies electron pairing effects and probably are molecular dynamics investigations two-and three-body interactions were included. [48, 49] or Monte Carlo simulations [26, 50] .
The adsorption processes on two different surfaces In our view the actual growth on a (001) surface were discussed, viz. Si(1 11) and dimer-reconfor normal supersaturation mainly will be structed Si(001)-(2 x 1). Of the species in the gas governed by the adsorption and diffusion of single phase which may adsorb on these surfaces, some bound growth species. This idea is based on the may adsorb in different configurations, viz, with experimentally observed step features (see, e.g., one, two or even four bonds to the surface. It was ref. [47] ). Extra steps are generated however by the assumed that adsorption on Si(111) occurs on the adsorption of p.'~or p.
2 silicon species which act as dangling bonds which are present on the broken nucleation centra on the surface between the steps. bond surface, and it was demonstrated that on the Si(00l)-(2 X 1) surface adsorption may occur on the atoms involved in the dimers, without the 6. Final remarks breaking of the dimer bonds, but that if species have the capacity to form two or four bonds with The derived value of -338 kJ mol-for the the surface, the adsorption of these species into enthalpy of adsorption of H on the Si(111) (table the dimers is more likely. 3) and the hydrogen-covered Si(001)-(2 X 1) (table The coverage of the Si(111) and the dimer 4) surfaces and the value of -279 kJ mol' for reconstructed Si(001)-(2 x 1) surfaces as a functhe enthalpy of adsorption of H on an empty tion of temperature was calculated for two differ-
